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ABSTRACT—HBOC-201, a bovine polymerized hemoglobin, has been proposed as a novel oxygen-carrying resuscitative 
fluid for patients with hemorrhagic shock (HS). Herein, we evaluated the hemostatic effects of HBOC-201 in an animal model 
of HS. A 40% blood loss-controlled hemorrhage and soft tissue injury were performed in 24 invasively monitored Yucatan 
mini-pigs. Pigs were resuscitated with HBOC-201 (HBOC) or hydroxyethyl starch (HEX), or were not resuscitated (NON) 
based on cardiac parameters during a 4-h prehospital phase. Afterward, animals received simulated hospital care for 3 days 
with blood or saline transfusions. Hemostasis measurements included in vivo bleeding time (BT), thromboelastography 
(TEG), in vitro bleeding time (platelet function; PFA-CT), prothrombin time (PT), and partial thromboplastin time (PTT). 
Serum lactate was measured and lung sections were evaluated for microthrombi by electron microscopy. During the 
prehospital phase, BT remained unchanged in the HBOC group. TEG reaction time increased in HBOC pigs during the late 
prehospital phase and was greater than in NON or HEX pigs at 24 h (P= 0.03). TEG maximum amplitude was similar for the 
two fluid-resuscitated groups. PFA-CT increased in both resuscitated groups but less with HBOC (P = 0.02) in the 
prehospital phase; this effect was reversed by 24 h (P= 0.02). In the hospital phase, PT decreased (P< 0.02), whereas PTT 
increased above baseline (P< 0.01). Lactic acidosis in HBOC and HEX groups was similar. Aspartate aminotransferase 
was relatively elevated in the HBOC group at 24 h. Electron microscopy showed no evidence of platelet/fibrin clots or 
microthrombi in any of the animals. Twenty-four-hour group differences mainly reflected the fact that all HEX animals (8/8) 
received blood transfusions compared with only one HBOC animal (1/8). In swine with HS, HBOC resuscitation induced less 
thrombopathy than HEX during the prehospital phase. Mild delayed effects on platelet and clot formation during the hospital 
phase are transient and likely related to fewer blood transfusions. In swine with HS, HBOC resuscitation induced less 
thrombopathy than HEX during the prehospital phase but more thrombopathy in the hospital phase. The delayed effects on 
platelet and clot formation during the hospital phase are transient and may be related to the need for fewer blood transfusions. 
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INTRODUCTION 

Severe hemorrhage accounts for about 30% of civilian 
trauma and 50% of combat deaths (1, 2). Approximately 60% 
of these casualties are potentially salvageable if blood loss 
is under 50% of estimated blood volume (2). Recovery and 
management of such hemorrhagic shock (HS) casualties is 
critically dependent on the response time to administration of 
advanced life-support procedures. Resuscitation in HS targets 
restoration of intravascular volume, tissue oxygenation, and 
hemostasis to prevent complications such as vascular collapse, 
tissue hypoxia, lactic acidosis, and coagulopathy (3). Approx¬ 
imately 39% of HS patients that survive 24 h posthospital 
admission develop multiple organ system failure (4, 5). 
Colloid-based resuscitation fluids such as buffered hydrox¬ 
yethyl starch restore blood pressure but have limitations with 
respect to balancing other homeostatic parameters such as 
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coagulation and tissue oxygenation. Such limitations may contri¬ 
bute to the subsequent development of multiple organ system 
failure. Hemoglobin-based oxygen carrier (HBOC) fluids have 
been proposed as more comprehensive resuscitation fluids (6), 
and have been shown to substitute for blood transfusion in 
surgical clinical trials (7) and to increase survival in animal 
models of controlled and uncontrolled hemorrhage (8-10). 

Coagulopathy/thrombopathy affects approximately 30% of 
patients with severe trauma, and is often defined as a 1.5- to 
2-fold increase in prothrombin time (PT) and partial thrombo¬ 
plastin time (PTT) (11). These effects are believed to involve at 
least two mechanisms: coagulation factor consumption (after 
onset of stress) and dilution by resuscitation fluids. Active 
components of the fluid can also affect hemostasis parameters 
(11, 12). Platelet activation is enhanced when endothelium is 
disrupted, collagen is exposed, and tissue factor is released. In 
addition, excessive fibrinolysis leading to disseminated intra¬ 
vascular coagulation (DIC) also occurs in HS and has been 
correlated with a high Injury Severity Score (13). Hepatic func¬ 
tion is also challenged in response to HS; the hypermetabolic 
component of the initial stress response to HS may interrupt 
hepatic synthetic function and depress production of proteins 
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and enzymes. The inability to produce albumin, for example, 
may alter colloid properties of blood (11). 

Large volumes of crystalloid fluids are required for the 
restoration of blood pressure, whereas HBOC-201 has been 
proposed as a low-volume resuscitative fluid (9). Colloids such 
as hydroxyethyl starch are known to affect coagulation and 
platelet function based on polymer molecular weight (14). 
Starches may cause hypocoagulation by impairing von 
Willebrand factor (vWF) function as in vWF disorder (15). The 
effects of FIBOC on coagulation and hemostasis have not been 
extensively studied. Potential FIBOC resuscitation-related hemo¬ 
static effects include hemodilution, decreased cellular mass and 
nitric oxide (NO) scavenging, and possibly platelet activation 
(16). Herein, we report effects of HBOC-201 and Hextend 
(HEX), the resuscitation fluid of choice used by the military, on 
hemostasis and thrombosis in a swine model of HS induced by 
controlled hemorrhage and associated soft tissue injury. 

MATERIALS AND METHODS 

These experiments were conducted according to the principles set forth in the 
Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animals 
Resources, National Research Council, National Academy Press, 1996). The study 
was approved by the Walter Reed Army Institute of Research/Naval Medical 
Research Center Institutional Animal Care and Use Committee. All procedures were 
performed in an animal facility approved by the American Association for Accred¬ 
itation for Laboratory Animal Care. 

Animal and hemorrhage model 

The study was divided into a 4-h prehospital phase simulating an “evacuation 
delay” period during which blood transfusions and surgical stabilization were unavail¬ 
able, as is common in military operations. This was followed by a 3-day hospital 
phase where surgical repair of open-catheter technique and laparotomy wounds, and 
blood transfusions were available. Swine were used in a model simulating traumatic 
HS in the battlefield caused by a vascular injury in which hemorrhage was 
controlled. Specifically, 24 Yucatan mini-pigs (26.8 ± 4.3 kg) were anesthetized 
(ketamine/isofluorane induction and isofluorane maintenance), intubated, and allowed 
to breath spontaneously (FiC >2 = 0.21). Rectal temperature was monitored and body 
heat was maintained. The external jugular vein and carotid artery were catheterized 
by open technique for vascular access and continuous blood pressure monitoring. A 
pulmonary artery catheter was also inserted. To mimic soft tissue injury, the rectus 
abdominus muscle was crushed in a standardized fashion for 5 min with a Kocher 
clamp. After an equilibration period (5-10 min), animals were hemorrhaged to 40% 
estimated blood volume by catheter withdrawal of blood over 15 min (—1.7 mL/kg/min). 

Time 0 designated initiation of the rectus abdominus crush and concomitant 
hemorrhage. To simulate battlefield delay in initiation of resuscitative measures, 
animals were left in shock for an additional 5 min (time 20 min). Animals were then 
infused resuscitation fluids at 10 mL/kg over 10 min. Subsequently, animals were 
fluid resuscitated with 5 mL/kg over 10 min at 30, 60, 120, and 180 min, if prospec¬ 
tively defined criteria were met (i.e., mean arterial pressure [MAP] < 60 mmHg or 
heart rate > baseline). Animals were intensively monitored in this prehospital phase 
(total of 4 h), but received only fluid resuscitation. Afterward, hospital care was 
simulated by surgical repair and the availability of blood transfusions. Carotid and 
pulmonary arterial catheters were removed, and neck and abdominal skin and fascia 
was closed. At 4, 24, and 48 h, animals received matched whole blood transfusions 
(for hemoglobin [Hb] < 7 g/dL) or normal saline (for Hb > 7 g/dL) at 10 mL/kg. Shed 
blood was collected in blood bags containing standard anticoagulant (CPD-A; 
Fenwal, IL) and stored for potential use in autologous or allogenic transfusions 
during the hospital phase (all pigs were blood type A). Animals were euthanized 
3 days postoperatively. Vital signs and physiologic monitoring were performed as 
described by Philbin et al. (10). Most physiology data are briefly summarized in the 
“Results.” 

Fluid resuscitation 

Swine were randomly allocated to one of three resuscitation study groups: 
HBOC-201 (HBOC; n = 8), HEX (n = 8), and nonresuscitated (NON, n = 8). HBOC 
is purified and ultrafiltered bovine, stroma-free Hb, heat-treated and polymerized by 
gluteraldehyde-crosslinking into polymers ranging from 130 to 500 kD. HBOC is 
prepared in a buffer similar to lactated Ringer’s containing a 50:50 racemic d- and 
L-lactate mixture with A-acety 1-poly-cysteine. HBOC contains approximately 


13 g Hb/dL, and has an oncotic pressure of 17 mmHg, an osmolality of 300 
mOsmol/kg, and an oxygen affinity (P 50 ) of 38 mmHg, which is lower than human 
blood. HBOC-201 is stable at 25°C for at least 3 years (17). HEX is 6% hydroxy¬ 
ethyl starch (with a molecular weight of 670 kD) prepared in balanced lactated 
Ringer’s (50:50 racemic mixture; Hextend, Abbott Laboratories, Abbott Park, IL). 

Bleeding time (BT) 

BT was measured at time 0 and 4 h posthemorrhage (at 4 h, the MAP had 
stabilized). BT was performed by incision with a scalpel blade (no. 11) on an ear 
edge to create a reproducible 5-mm anterior incision. The time for the bleeding to 
stop was recorded using the paper blotting method using Whatman paper no. 1 
(Clifton, NJ). 

In vitro monitoring 

Blood sample collection —Blood was collected in vacutainer tubes (BD 
Vacuutainer, Palo Alto, CA) without anticoagulant (chemistry assays), with 3.2% 
citrate (coagulation assays), or sodium heparin (lactate assay). Blood samples were 
collected at time 0, 30, and 60 min, and 3 and 4 h before scheduled fluid infusions. 
After animals recovered from anesthesia, blood was collected at 24, 48, and 72 h. 
Phlebotomy blood volumes were not included in reported hemorrhage volumes. 

Hematology 

Complete blood count with differential was measured on a Pentra 60C+ cell 
counter (ABX Diagnostics, Irvine, CA). Plasma hemoglobin (due to HBOC) was 
detected with the B-hemoglobin method (Hemocue, Angelholm, Sweden) (18). 

Assays 

All functional laboratory assays were performed at 37°C, consistent with animal 
rectal temperatures (36.9°C ± 1.3°C). Laboratory studies included PT, PTT, throm¬ 
bin time, antithrombin (AT-III), fibrinogen, thromboelastography (TEG). 

TEG 

TEG was performed to study clot formation dynamics (Haemostasis Analyzer; 
Haemoscope Corp., Niles, IL). Twenty microliters of 0.25 mM CaCl 2 and 340 /xL of 
whole blood was pipetted into an oscillating cup with a 45° angle motion. A pin 
inserted into the cup is connected to a torsion wire that monitors cup torque during 
clot formation. The analog signal was computerized to give parameters such as: 
reaction time (TEG-R), which corresponds with initiation of fibrin formation and 
depends mainly on plasma factors; kinetics of clot formation, TEG-K and TEG-a, as 
measurements of platelet adhesion on newly formed fibrin and rate of fibrin 
polymerization, respectively; and TEG-MA, which depends on platelet number and 
function, and to a lesser extent on plasma proteins (19). TEG-Ly measures fibri¬ 
nolysis (at 30 min), mainly due to tissue plasminogen activator, and is indicative of 
the presence of the fibrin(ogen) degradation product. The coagulation index (TEG-CI) 
is a computed index (19): TEG-CI = (0.0184 X TEG-K) + (0.1655 X TEG-MA) - 
(0.0241 X TEG-a) - (0.2454 X TEG-R) - 5.022. Standards and controls were run to 
assure optimal instrument performance. 

PFA-CT 

The platelet function analyzer (PFA-100; Dade Behring, Deerfield, IL) measures 
closure time in an ADP collagen capillary and corresponds with in vitro BT (20). 
Whole blood (800 /xL) was vacuum aspirated through a 100-/xm diameter capillary. 
The capillary membrane was coated with collagen and ADP, which promote platelet 
adhesion/aggregation, platelet plug formation, and arrest the flow of blood. Time to 
aperture occlusion is referred to as the CT, which is increased by low hematocrit, 
low platelet count, qualitative platelet defects, and qualitative/quantitative vWF 
deficiencies; CT is unaffected by coagulation factor deficiencies and hypofibrino- 
genemia (20). 

Coagulation assays 

Coagulation assays were performed on a Stat Compact (Diagnostica Stago, 
Parsippany, NJ) according to the manufacturer’s instructions using Diagnostica 
Stago reagents. This is a fully automated instrument using electromagnetic prin¬ 
ciples for PT, PTT, thrombin time, and fibrinogen, and colorimetric principles for 
AT-III. (Note: interference by HBOC in plasma precluded colorimetric measurement 
of AT-III). 

Chemistry 

pH was measured in citrated blood at 24°C with a pH meter (WTW, Welheim, 
Germany), which was calibrated daily. Total protein, albumin, lactate, and aspartate 
aminotransferase (AST) were measured in heparinized blood on a Vitros 250 (dry 
chemistry; Ortho-Clinical Diagnostics, Raritan, NJ). For lactate, no interference was 
seen with HBOC concentration up to 6.5 g/dL. Blood samples were diluted 3-fold 
for AST assays due to AST levels above the upper limit of detection of the Vitros 250 
instrument, which brought the level of HBOC below the 2.5 g/dL interference limit. 
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Detection of microthrombi and fibrin deposition 

Electron microscopy (EM) was performed on lungs after necropsy as previously 
described (21). Briefly, lungs were fixed in 4F1G fixative (4% paraformaldehyde 
and 1 % gluteraldehyde) overnight, postfixed in 2% osmium tetroxide, dehydrated in 
graded alcohols, and embedded in epon 812. Block sections (l-/xm thickness) were 
examined by light microscopy, and thin (90-nm) sections were stained with lead citrate 
and uranyl acetate, and were examined with a LEO 912 AB electron microscope. 

Statistics 

Results, data, and figures are presented as means ± SD unless otherwise stated. 
Data were analyzed using the mixed model. Significant group and/or time effects 
were subsequently compared using a two-tailed paired Student’s t test assuming 
equal variance. P ^ 0.05 was considered statistically significant. 

RESULTS 


Table 1. Hospital phase fluid requirements 

4 h 24 h 48 h Total 


Blood volume 
transfused (mL) 


HBOC 

0* 

22 ± 63 

0 

22 ± 63 

HEX 

208 ± 132 

31 ± 81 

23 ± 60 

111 ± 256 

NON 

0 

101 ± 143 

40 ± 89 

101 ± 192 

Saline volume 





infused (mL) 





HBOC 

0 # 

113 ± 155 

126 ± 141 

229 ± 289 

HEX 

63 ± 119 

90 ± 154 

0 

142 ± 155 

NON 

310 ± 78 

54 ± 122 

40 ± 89 

378 ± 211 


In vivo monitoring (10) 

Baseline MAP was comparable in all three groups (HBOC, 
71.1 ± 8.0 mmHg; HEX, 62.0 ± 9.8 rnrnHg; and NON, 61.0 ± 
10.5 mmHg). 10 Posthemorrhage (15 min), MAP dropped 
significantly in all groups (26.3 ± 7.9 mmHg). HBOC resto¬ 
ration had a more pronounced effect on blood pressure restora¬ 
tion (at 30 min, MAP was 63.4 ± 20.9 [HBOC] compared with 
37.3 ± 12.7 mmHg [HEX] and 35.4 ± 19.7 mmHg [NON], P = 
0.01). After fluid resuscitation, MAP surpassed baseline 
throughout most of the prehospital phase in the HBOC group, 
probably mainly because of the NO scavenging properties of 
HBOC (16, 17). For example, compared with baseline, at 4 h, 
MAP was higher in HBOC pigs (92.3 ± 20.6 mmHg, P < 0.02), 
comparable in HEX pigs (61.8 ± 15.5 mmHg, P > 0.05), and 
lower in NON pigs (54.0 ± 19.2 mmHg, P < 0.02). Total 
prehospital fluid requirements were less with HBOC pigs 
(515 ± 179 mL or 18.8 ± 1.8 mL/kg) than with HEX pigs (847 ± 
137 mL or 29.9 ±1.1 mL/kg; P < 0.01). The mean hemoglobin 
load in HBOC infusions was 2.35 g/kg, resulting in a mean 
peak plasma concentration of 5.0 ± 1.2 g/dL at 4 h, as well as 
residual 2.6 ± 1.0 g/dL at 24 h. The half-life of HBOC was ~22 h. 
Cutaneous tissue oxygenation was significantly improved with 
HBOC (P < 0.001; e.g., at 60 min, 26.2 ± 6.6 vs. 9.8 ± 3.6 mmHg 
in HBOC and HEX pigs, respectively). Seventy-two hour 
survival was 100% (8/8) with HBOC pigs, 88% (7/8) with HEX 
pigs, and 63% (5/8) in NON pigs (P > 0.05). The four early 
deaths occurred between 90 and 800 min posthemorrhage. 

Hospital phase fluid requirements 

From 4 to 48 h, blood or saline transfusions were available to 
the animals. Fewer blood transfusion were required in HBOC 
than HEX pigs (P < 0.01; e.g., at 4 h, 0/8 [HBOC] vs. 6/8 
[HEX] received 0 vs. 208 ±138 mL blood, respectively). The 
NON group required more saline infusions than the treated 
animals (e.g., at 4 h, 0/8 vs. 7/7 in HBOC and NON, respec¬ 
tively; Table 1). 

In vivo BT 

In NON-resuscitated pigs, BT shortened from 112 (time 0) to 
70 s (time 4 h; P < 0.05); in contrast, there were no significant 
changes in BT in the fluid-resuscitated groups (P > 0.05) 
between 0 and 4 h. Also, there were no detectable differences in 
BT between HEX and HBOC groups at 4 h (P > 0.05; Fig. 1). 

In vitro results 

Hematology —Hematocrit (Hct; baseline, 29.36% ± 2.58%) 
decreased to ~ 15% at 4 h in the HBOC and HEX groups (likely 


Mean (±SD) blood volume (mL) transfused and saline volume infused per 
surviving animal at 4, 24, and 48 h, and total volume. 

*P< 0.01 for blood transfusion comparisons in HBOC and HEX animals 
at hospital arrival. *P < 0.01 for saline infusion comparison in HBOC- 
and NON-animals at hospital arrival. 
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Fig. 1. BT in 40% controlled hemorrhaged swine. In vivo BT at time 
0 (open symbol) and 4 h (closed symbol) in HBOC (■), HEX (A), and NON (♦) 
pigs for surviving animals. Values are presented as individual data, and bars 
indicate mean ± SD. *P < 0.05. 


hemodilution-related; Fig. 2A). During the hospital phase, Hct 
increased in both groups because of blood transfusions (and 
possibly erythropoiesis). In contrast, Hct increased in NON 
pigs during the prehospital phase and decreased after 4 h 
because of hemodilution by blood or saline. Hemoglobin 
(baseline, 10.32 ± 0.93 g/dL) paralleled the Hct in HEX and 
NON pigs but stabilized in HBOC pigs due to hemoglobin 
delivery by HBOC (Fig. 2B). There was a greater decrease in 
platelet concentration (baseline, 417 ± 63 X 10 6 /mL) in the two 
treatment groups (group effects, P < 0.01; Fig. 2C). The platelet 
concentration rebounded in the hospital phase most rapidly in 
HEX pigs, intermediate in HBOC pigs, and slowest in NON 
pigs (Fig. 2C). The total platelet number during the prehospital 
phase was normalized to the hematocrit. This calculation 
indicated that the total number of circulating platelets was 
comparable in all three groups (Fig. 2D). 

The white blood cell concentration (baseline, 19.4 ± 
3.8 X 10 6 /mL) increased in the NON group and decreased 
in both treated groups. In all three groups, monocytes increased 
at 24 h and remained elevated throughout the hospital phase. All 
three groups exhibited similar changes in the percentage of 
neutrophils (peaking at 4 h) and lymphocytes (decreasing at 
this time; results not shown). 
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There were significant differences between the TEG-R 
curves (group effect, P = 0.004). TEG-R (baseline, 4.88 ± 1.88 
min) was unchanged during the prehospital phase for NON and 
HEX animals. In HBOC animals, TEG-R was significantly 
greater than HEX and NON animals at 24 h (P < 0.05; Fig. 3A). 
TEG-K (baseline, 1.24 ± 0.46 min) showed the same pattern as 
TEG-R. TEG-a (baseline, 73.61 ± 4.21 degrees) expressed a 
mirror image of this pattern (data not shown). TEG-MA (base¬ 
line, 72.36 ± 5.86 min) was unchanged in NON animals but 
decreased ~25% in HBOC and HEX animals during the 


prehospital phase (Fig. 3B). These values returned to baseline 
in the hospital phase similarly in both treatment groups. TEG- 
CI (Fig. 3C) supported the other TEG findings. TEG-CI was 
lower in the resuscitated than the NON groups by 3 and 4 h (P < 
0.05). During the hospital phase, TEG-CI returned to normal in 
the HEX group at 24 h and the HBOC group at 48 h. TEG-Ly 
(baseline, 2.95% ± 1.85%) varied significantly between groups 
(group effect, P < 0.001; Fig. 3D). All values remained near 
baseline during the prehospital phase and decreased at the onset 
of the hospital phase. 



Time (hours) Time (hours) 

-■—HBOC —A—HEX —O—NON 


Fig. 2. Hematology parameters for 40% controlled hemor¬ 
rhaged swine. Data for HBOC- (—■—), HEX- ( A ), and NON- 
resuscitated pigs (—o—)■ (A) Hot, (B) Hemoglobin, (C) platelet 
concentration, and (D) total platelets (calculated from the platelet 
concentration x volume of blood and fluid in vivo). Values 
are presented as mean ± SD. *P < 0.02 for HEX between 4 and 
24 h. **P < 0.001 between HBOC versus HEX at 24 h. 


Fig 3. TEG for 40% controlled hemorrhaged swine. TEG for 

HBOC- (—■—), HEX- ( A ), and NON-resuscitated pigs 
(—0—). (A) TEG-R; (B) TEG-MA; (C) TEG-CI; and (D) TEG-Ly. 
Values are presented as mean ± SD. *P < 0.05 between HBOC 
and NON animals. # P< 0.05 HBOC versus NON and HEX versus 
NON (3 and 4 h). 




Time (hours) Time (hours) 

-■-HBOC ^A-HEX -o-NON 



SHOCK August 2005 


Coagulation and Hemostasis with HBOC-201 149 


The in vitro PFA-CT (baseline, 58.85 ± 13.05 s) curves were 
significantly different (group effect, P < 0.001). During the 
prehospital phase, PFA-CT increased only in the resuscitated 
groups. At 3 h, PFA-CT was higher in HEX than HBOC animals 
(P < 0.02). After 24 h, PFA-CT decreased in HEX animals but 
continued to increase and remained elevated at 24 and 48 h in 
HBOC animals (P < 0.05). In all cases, PFA-CT values returned 
to baseline by 72 h (P = 0.05; Fig. 4). 

Coagulation results 

Coagulation parameters vary with temperature and pH. The 
temperature in the studied pigs was controlled at 36.9°C ± 
1.3°C (average) and ranged from 34.1°C to 41.7°C. pH of 
citrated blood samples (baseline, 7.40 ± 0.06) remained fairly 
constant for HBOC and NON animals during the 4-h 
prehospital period (7.40 ± 0.04 and 7.36 ± 0.04, respectively) 
but dropped significantly at 3 and 4 h in HEX animals (P < 
0.05; Fig. 5A). Lactate (baseline, 1.8 ± 0.8 mM) was not 
significantly different across treatment groups. The peak at 3 h 
in the NON group was caused by high lactate in nonsurviving 
animals (5.6 ± 2.3 nM). 

PT (baseline, 14.0 ± 2.2 s) was unchanged throughout 
the prehospital phase in NON animals, however, during the 
hospital phase (after 48 h), PT was lower (P = 0.02). Although 
PT gradually increased in HEX animals during the prehospital 
phase, this did not reach statistical significance. During the 
hospital phase, PT was similar across all three treatment groups 
(Fig. 6A). 

Although there were no significant group differences, PTT 
and fibrinogen varied over time (time effect, P < 0.001). In the 
NON group (baseline, 24.7 ± 3.8 s), PTT was constant during 
the prehospital and hospital phases. However, PTT decreased 
by 25% in the resuscitated groups early in the prehospital 
period and increased above baseline in the hospital phase (P < 
0.01; Fig. 6B). Fibrinogen (baseline, 168 ± 38 mg/dL) 
decreased in the treated animals in the prehospital phase and 
increased in all groups in the hospital phase (Fig. 6C). AT-III 
(baseline, 96% ± 10%) slowly increased in the NON group up 
to 72 h (111% ± 10%); at 4 h, AT-III was reduced because of 



Time (hours) 

■— HBOC A HEX —O— NON 

Fig 4. Ex vivo BT (PFA-CT) in 40% controlled hemorrhaged swine. 

PFA-CT, for HBOC- (—■—), HEX- ( A ), and NON-resuscitated pigs 
(—o—)■ Values are presented as mean ± SD, *P< 0.05 between HBOC and HEX. 



Time (hours) 

■— HBOC A HEX —O— NON 

Fig.5. pH and lactate measured in 40% controlled hemorrhaged swine 
blood samples. (A) pH measured on citrated samples and (B) L-Lactate after 
treatment with HBOC- (—■—), HEX- ( A ), and NON- resuscitated pigs 
(— 0 — ). Values are presented as mean ± SD, *P < 0.05 from NON. 


hemodilution (55% ± 9%) in HEX animals and returned to 
baseline by 24 h (113% ± 4% at 72 h; data not shown). AT-III 
could not be measured in the presence of HBOC (due to color 
interference). However, by 48 to 72 h (when HBOC was 
cleared), measurements were at baseline in all three groups. 
Thrombin time (baseline, 18.1 ± 1.9 s) remained unchanged 
throughout the experimental period and was similar in all three 
groups. 

Albumin and total protein levels were similar in NON 
animals during the course of the experiment. Albumin decreased 
in the prehospital phase in fluid resuscitated animals due to 
hemodilution. AST peaked at 24 h in all three groups, but with 
remarkable amplification (>10-fold from baseline) in HBOC 
compared with HEX and NON animals (each about 6-fold; 
group and time effects, P < 0.01; Fig. 7). 


EM 

On EM of the lungs, there was a trend toward a higher rate of 
alveolar edema in NON animals (P > 0.05; Fig. 8). Small 
amounts of fibrin deposition were observed in all three groups. 
However, no platelet aggregates or microthrombi were found in 
any of the animals. 
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Fig 6. Coagulation parameters for 40% controlled hemorrhaged swine. (A) PT, (B) aPTT, (C) fibrinogen for HBOC- (—a—), HEX- ( A ), and 

NON-resuscitated pigs (—o—)■ Values are presented as mean ± SD, *P< 0.01 between NON and treated animals; **P< 0.02 between baseline and 48 h for PT. 


DISCUSSION 

Coagulopathy is a common but as yet poorly managed 
complication of HS that is characterized by events that are 
complex and multifactorial in etiology. Excessive fibrinolysis, 
consumption of platelets and coagulation factors, hemodilu- 
tion, hypothermia, and acidosis occur after HS and contribute 
to an imbalance of coagulation factors as well as dysregulation 
of the coagulation cascade (3, 5, 22, 23). Ultimately, coagulo¬ 
pathy caused increased morbidity and mortality (11, 13, 24). 
Survival of the trauma patient relies, in part, on preventing 
escalation of coagulopathy to events such as DIC and hypo- 
fibrinogenemia (25, 26). Although animal studies have limi¬ 
tations such as species-specific and anesthesia responses in 
controlled experiments, animal data are important (26). 

In the controlled hemorrhage model described here, all 
animals experienced the same loss in cell numbers and fluid 
volume due to hemorrhage before the initiation of resuscitative 
treatments. In classical fluid shift dynamics after HS, extrav¬ 
asation from tissue to circulation and increased extracellular 
protein is a common response to sustain isovolemia (27, 28). 
However, we found that in the NON group, hemoconcentration 
occurred early during the prehospital phase as evidenced by 
increased hematocrit, possibly a consequence of intravascular 
to extravascular fluid movement. Because pigs were not sple- 
nectomized, theoretically, this could be due to self-transfusion 
through a contractile spleen (28, 29). In the hospital phase, 
changes in hematocrit for all the groups correlated with saline 
and blood transfusion requirements. These findings may affect 
therapeutic strategies for HS because restoration of blood 
cellular mass is reported to be as important as the establishment 
of fluid volume (30). 

The lack of BT changes in both treatment groups reflects 
absence of significant hypercoagulability effects by either fluid. 
However, decreased BT during the prehospital phase in NON 
animals may be due to higher hematocrit (31). 

Despite posthemorrhage hemoconcentration in NON animals, 
platelet concentration was reduced in this group. Platelet seques¬ 
tration may partially explain this phenomenon. This possibility 
is supported by the fact that there was only minimal tissue 
trauma (abdominal muscle crash) in this controlled hemor¬ 
rhage model and EM findings failed to show microthrombi or 
adherence of platelet to endothelium. Such observations indi¬ 
cate a lack of platelet activation or recruitment of new platelets. 



Time (hours) 

—■—HBOC —A —HEX —0—NON 

Fig. 7. Chemistry parameters for 40% controlled hemorrhaged swine. 

(A) Albumin in HEX- and NON-treated pigs. (B) Hepatic enzyme AST for 
HBOC- (—■—), HEX- ( A ), and NON-resuscitated pigs (— <y-). Values 
are presented as mean ± SD,*P< 0.01 between HBOC and HEX or NON pigs. 

The similar decline in total number of platelets in all three 
groups during the prehospital phase may reflect mechanisms 
independent of fluid resuscitation but processes initiated by 
loss of blood volume and MAP. Interestingly, circulating plate¬ 
lets are known to disappear in hibernating animals as blood 
flow slows with the onset of torpor; platelets subsequently 
reappear in the arousal phase when blood flow increases (32). 
Although circulating platelets have been noted to increase with 
restoration of MAP in canine and swine models of HS (33, 34), 
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Fig. 8. EM. (A) Electron micrograph of the lung from a NON-resuscitated 
pig shows alveolar edema (E) (X2900). (B) Electron micrograph of the lung 
from a HBOC-resuscitated pig shows normal alveoli edema (E; X7250). As, 
alveolar space; C, capillary; Ep2, type 2 epithelial cell; PMN, polymorpho¬ 
nuclear leukocyte. 

the observed increase during the hospital phase in HEX animals 
was probably largely due to blood transfusions. By comparison, 
in HBOC and NON groups, where Hb levels remained above 
the target of 7 g/dL and animals were not transfused, platelet 
concentrations did not increase. 

In addition to platelet dynamics, functional assays of coagu¬ 
lation were used to examine the effects of hemorrhage and 
resuscitation on hemostasis. In resuscitated animals, the 
observed reduction in platelet concentration was not sufficient 
to explain the prolonged PFA-CT in the prehospital phase. 
PFA-CT (in vitro bleeding), which addresses platelet function 
independent of in vivo parameters (such as MAP), was likely 
prolonged by hemodilution of vWF and low hematocrit, both 
consequences of fluid resuscitation. The elevated PFA-CT 
supports findings relative to the coagulopathic effects of HEX 
(27, 38) suggesting less effect of HBOC-201 than HEX on 
platelets and/or vWF activity. In the hospital phase, the 
PFA-CT remained elevated for HBOC, even after physiologic 
stability, suggesting a more persistent although relatively mild 
effect of HBOC, probably because of differences in blood 
transfusions at 4 h. In HEX and HBOC animals, the return of 
PFA-CT values to baseline coincided with increased numbers 
of circulating platelets and possibly circulating levels of vWF 
(35). PFA-CT was also increased in NON animals during the 


hospital phase, likely because of saline infusion (seven of seven 
NON animals received saline at 240 min). In contrast with 
previous findings with o-raffinose polymerized hemoglobin 
(Hemolink) (19), there was no evidence of platelet stimulation 
with HBOC-201. Although experimental conditions were not 
identical, the dose of HBOC infused in the present study was 
higher (2.3 g/kg) than in the Hemolink study (0.8 g/kg) (16). 

TEG-CI, a general index for coagulation, did not change in 
NON-treated animals during the prehospital phase but 
decreased in resuscitated groups due to hemodilution. In the 
hospital phase, this pattern resolved at 24 h in HEX animals 
likely due to blood transfusions. In contrast, HBOC animals 
remained mildly hypocoagulopathic at 24 h and did not 
normalize until 48 h after blood transfusions. The absence of 
excess fibrinolysis (unchanged TEG-Ly) suggested the absence 
of DIC. In the prehospital phase, there were no dramatic 
differences in TEG-R, TEG-K, or TEG-a in NON animals. 
These results suggest that there was no hypercoagulation or 
platelet activation due solely to HS. Similar results were also 
observed in HEX animals. In HBOC animals, these parameters 
increased 3 h posthemorrhage and attained maximum values at 
24 h. This effect paralleled PFA-CT observations and may be 
related to residual plasma HBOC that was cleared 3 days 
posthemorrhage, 

PT remained unchanged throughout the 4-h prehospital 
phase in all groups, confirming TEG data, and suggesting that 
significant hepatic malfunction did not occur. However, aPTT 
in treated, but not NON animals, was mildly decreased during 
the prehospital phase, suggesting that fluid resuscitation induced 
some compensatory shift toward the intrinsic coagulation 
pathway. This difference was observed even in the presence of 
hemodilution. In the hospital phase, HBOC, but not HEX 
animals, had mildly prolonged aPTT. Disturbance in the TEG 
pattern (elevated TEG-R and reduced TEG-CI at 24 h) indi¬ 
cated some impairment of clot formation. Moreover, this 
combination of normal PT, prolonged aPTT, and elevated TEG-R 
in the posthospital phase suggests possible elevated circulating 
heparin. Despite elevated AST in HBOC animals, however, 
normal PT at 24 h suggests normal liver synthetic function. 
Nevertheless, the pathophysiology of HBOC-induced elevation 
in liver function tests has not been well studied and it is 
possible that observed LFT abnormalities could be more clin¬ 
ically significant in patients with pre-existing liver disease. 
Further research is needed in this area. 

The initial drop in fibrinogen in treated animals during the 
prehospital phase reflected hemodilution, as well as possible 
consumption during HS. The increased fibrinogen (~3-fold) 
seen in the hospital phase was probably mostly because of de 
novo synthesis of fibrinogen (acute phase reactant). As this 
increase was seen also in HBOC pigs, which did not receive 
transfusions until 24 h, a significant contribution by blood 
transfusions is unlikely. AT-III levels were also affected by 
dilution as seen in the HEX group. The effect of dilution on 
regulation of the intrinsic pathway awaits further study. Lactate 
increased in all groups, suggesting microvascular hypoperfu¬ 
sion and capillary bed constriction soon after hemorrhage, as 
reported by others (36). Our results supplement other reports on 
the effects of HBOC-201 on physiology and survival in HS in 
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swine (8, 9, 37). However, the results of these studies differed 
from a recently published article with human polymerized 
hemoglobin (Polyheme; Northfield Laboratories, Evanston, IL) 
(38). As this study summarized only physiology findings, 
evaluated a different HBOC, and used different hemorrhage 
and animal models, direct comparisons between the two HBOCs 
cannot be made. 

In conclusion, in this comprehensive study of coagulation in 
a controlled HS model, no significant hypo- or hypercoagulation 
was observed in the prehospital phase. However, HBOC-201 
resuscitation was associated with mild dilutional hypocoagu- 
lation in the hospital phase, at least partially related to lower 
transfusion requirements. Within a few days of hospitalization, 
administration of blood components may be required in 
HBOC-resuscitated patients with persistent hemorrhage. As 
restoration of hemodynamics and tissue oxygenation occurred 
with lower fluid requirements, and without development of 
clinically significant coagulopathy or thrombopathy, HBOC-201 
was at least as efficacious as HEX, as a prehospital resuscitative 
fluid for hemorrhagic shock. 
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